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The entanglement harvesting protocol is an operational way to probe vacuum entanglement. This
protocol relies on two atoms, modelled by Unruh-DeWitt detectors, that are initially unentangled.
These atoms then interact locally with the field and become entangled. If the atoms remain spacelike
separated, any entanglement between them is a result of entanglement that is ‘harvested’ from
the field. Thus, quantifying this entanglement serves as a proxy for how entangled the field is
across the regions in which the atoms interacted. Using this protocol, it is demonstrated that
while the transition probability of an individual inertial atom is unaffected by the presence of a
gravitational wave, the entanglement harvested by two atoms depends sensitively on the frequency
of the gravitational wave, exhibiting novel resonance effects when the energy gap of the detectors
is tuned to the frequency of the gravitational wave. This suggests that the entanglement signature
left by a gravitational wave may be useful in characterizing its properties, and potentially useful in
exploring the gravitational-wave memory effect and gravitational-wave induced decoherence.
I. INTRODUCTION
It has long been realized that the vacuum state of a
quantum field theory in Minkowski space is highly en-
tangled across spacelike regions; for example see [1] and
references therein. Using algebraic methods, Summers
and Werner demonstrated that correlations between field
observables across spacelike regions are strong enough
to violate a Bell inequality [2–4]. It was later realized
that this vacuum entanglement could be ‘harvested’ by
atoms / detectors that couple locally to the field [5–7].
This result is surprising, suggesting that the vacuum is
a resource for quantum correlations and has since been
examined in a wide range of scenarios [8–22].
This phenomenon can be used to construct an oper-
ational measure of vacuum entanglement. Specifically,
supposing that two detectors remain spacelike separated
for the duration of their interaction with the field, then
any entanglement that results between them must be at-
tributed to entanglement ‘harvested’ from the vacuum
that existed prior to the detectors’ interaction. Thus,
quantifying how entangled two detectors become serves
as a proxy for how entangled the vacuum is across the
regions in which the detectors have interacted. Such a
quantification of vacuum entanglement is similar to the
distillable entanglement defined as the number of maxi-
mally entangled states that can be ‘distilled’ from a num-
ber of copies of a given quantum state via local operations
and classical communication [23].
Entanglement harvesting has been used to probe the
effects of nontrivial spacetime structure on vacuum en-
tanglement, such as cosmological effects [8, 24–27], non-
trivial spacetime topology [28–30], spacetime curva-
ture [31–34], and black hole horizons [35, 36]. It is the
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purpose of this article to extend this analysis to examine
how a gravitational wave affects the entanglement struc-
ture of the vacuum. To do so, we derive the gravita-
tional wave modification to the Minkowski space Wight-
man function and evaluate the final state of two detec-
tors that are initially unentangled. The final state of
the detectors is entangled, and the amount of entangle-
ment depends sensitively on the frequency of the gravi-
tational wave and detectors’ energy gap. In particular,
we demonstrate that a resonance effect occurs when the
detectors’ energy gap is tuned to the frequency of the
gravitational wave. If the detectors’ interaction is cen-
tered around the gravitational wave’s peak displacement,
then the gravitational wave is shown to degrade the har-
vested entanglement relative to detectors in Minkowski
space. However, when the detectors’ interaction is not
centered at this point in the gravitational wave’s cycle,
then the harvested entanglement can be either amplified
or degraded and oscillates as a function of gravitational
wave frequency. Away from this resonance condition, the
effect of a gravitational wave on the harvested entangle-
ment is exponentially suppressed.
Moreover, we demonstrate that the transition proba-
bility of an inertial detector is unaffected by the pres-
ence of a gravitational wave, and thus does not register
a different particle content than if it were in Minkowski
space. This is consistent with Gibbons’ conclusion that
gravitational waves do not produce particles [37]. In con-
trast, we emphasize that the entanglement between two
detectors is sensitive to the presence of a gravitational
wave. This result is analogous to the observation made
by ver Steeg and Menicucci [24] that a single detector is
unable to distinguish the field being in a thermal state
in Minkowski space or the vacuum in a de Sitter space-
time, whereas the correlations between two detectors can
distinguish between these situations. Furthermore, this
result agrees with the intuition from the classical theory
of gravitational waves which asserts that a gravitational
wave cannot be detected by a local detector moving along
a geodesic.
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2II. SCALAR FIELD THEORY IN A
GRAVITATIONAL WAVE BACKGROUND
A gravitational wave propagating along the z-direction
is described by the line element
ds2 = −dt2 + dz2 + (1 +A cos [ω(t− z)])dx2 (1)
+ (1−A cos [ω(t− z)])dy2
= −dudv + (1 +A cosωu)dx2 + (1−A cosωu)dy2,
where in the last equality we have introduced light cone
coordinates u := t − z and v := t + z defined in terms
of Minkowski coordinates (t, x, y, z). On this spacetime,
consider a massless scalar field φ(x) satisfying the Klein-
Gordon equation at a spacetime point x,
φ(x) = 0, (2)
where  is the d’Alembertian operator associated with
Eq. (1).1 Solving this equation in light-cone coordinates
x = (u, v, x, y) yields a complete set of solutions [38]
u~k(x) =
γ−1(u)√
2k−(2pi)
3
2
e
ikax
a−ik−v− i4k−
∫ u
0
du (gabkakb), (3)
where γ−1(u) := [det gab(u)]
1
4 , the indices a and b run
over {x, y}, and ~k := (k−, ka) are separability constants
arising from solving Eq. (2) in light-cone coordinates.
This set of solutions is orthonormal with respect to the
usual Klein-Gordon inner product [38, 39].
Quantization proceeds by promoting the field to an
operator and imposing the canonical commutation rela-
tions [39, 40]. As the solutions to Eq. (2) are most easily
constructed in light cone coordinates, we quantize the
field in this coordinate system. For a free field theory,
light cone quantization has been shown to be equiva-
lent to the more familiar equal time quantization proce-
dure [41]. Thus, we can interpret the mode functions in
Eq. (3) as describing the perturbation to the Minkowski
vacuum induced by a gravitational wave. As we shall
see, using light cone quantization yields the same detec-
tor behaviour in the Minkiwoski space limit (A → 0) as
equal-time quantization.
As derived in Appendix A, the vacuum Wightman
function is
W (x, x′) := 〈0|φ(x)φ(x′)|0〉 =
∫
dkuk(x)u
∗
k(x
′)
= WM(x, x′) +WGW(x, x′),
where WM(x, x′) is the Minkowski space Wightman func-
tion which is independent of the gravitational wave in
1 We could have considered a nonminimal coupling of the field to
the Ricci scalar by including a term ξR in the equation above.
However, for a gravitational wave spacetime like the one de-
scribed in Eq. (1) R vanishes.
light-cone coordinates,
WM(x, x′) =
1
4pii∆u
δ
(
σM(x, x′)
∆u
)
+
1
4pi2σM(x, x′)
,
where ∆xµ := xµ − x′µ, and
σM(x, x′) := −∆u∆v + ∆x2 + ∆y2,
is the geodesic distance between x and x′ in Minkowski
space, and the modification of the Minkowski Wightman
function to first order in the gravitational wave amplitude
WGW(x, x
′) =− A4pi2 sinc
(
ω
2 ∆u
)
cos
(
ω
2 [u+ u
′]
)
×∆x2−∆y2∆u2
[
ipiδ′
(
σM(x,x′)
∆u
)
+ ∆u
2
σ2M(x,x
′)
]
, (4)
where sincx := sin xx .
III. DETECTORS IN THE PRESENCE OF
GRAVITATIONAL WAVES
To operationally probe the effects a gravitational wave
has on the vacuum state of a scalar field theory, we em-
ploy so-called Unruh-DeWitt detectors. Such detectors
are a model of a two-level atom locally coupled to a quan-
tum field. We use these detectors to probe interesting
field observables in a gravitational wave background, and
to track their deviation from the equivalent observables
in Minkowski space. After describing these detectors in
detail, we demonstrate that the transition probability of
an inertial detector is unaffected by the presence of a
gravitational wave.
Then, two initially uncorrelated detectors will be used
to examine the effect a gravitational wave has on vac-
uum entanglement by quantifying how entangled they
become as a result of their interaction; this protocol will
be referred to as entanglement harvesting. We demon-
strate that the entanglement harvested by the detectors
depends sensitively on the gravitational wave frequency
ω and exhibits resonance effects.
A. The Unruh-DeWitt detectors and the
light-matter interaction
The Unruh-DeWitt detector [42, 43] is a simplified
model of a two-level atom, with a ground state |0D〉 and
excited state |1D〉, separated by an energy gap 2Ω. The
center of mass of the detector is taken to move along
the classical spacetime trajectory xD(t) parametrized by
the detector’s proper time t. As an approximation to
the light-matter interaction, the detector couples locally
with the scalar field φ(x) along its trajectory. In the
interaction picture, the Hamiltonian describing this in-
teraction is
HD(t) = λχ(t)
(
eiΩtσ+ + e−iΩtσ−
)
⊗ φ [xD(t)] , (5)
3where λ is the strength of the interaction, χ(t) :=
e−
(t−t0)2
2σ2 is a switching function with the interpretation
that t0 and σ correspond to when the interaction takes
place and its duration, respectively, and σ+ := |1D〉〈0D|
and σ− := |0D〉〈1D| are ladder operators acting on the
detector Hilbert space. Although simple, this model
captures the relevant features of the light-matter in-
teraction when no angular momentum exchange is in-
volved [12, 17, 44, 45].
B. Single detector excitation as a proxy for
vacuum fluctuations
If an Unruh-DeWitt detector begins (t → −∞) in its
ground state |0D〉, due to fluctuations of the vacuum and
a finite interaction time, there is a finite probability P
that in the far future (t → ∞) it will transition to its
excited state |1D〉. The probability of such a transition is
given to leading order in the interaction strength by [46,
47]
P = λ2
∫ ∞
−∞
dtdt′ χ(t)χ(t′)e−iΩ(t−t
′)W (xD(t), xD(t
′)) .
(6)
This probability may be interpreted as quantifying the
ability of a detector (or atom) to be spontaneously ex-
cited by vacuum fluctuations. Suppose that the detector
is at rest with respect to the Minkowski coordinates in-
troduced in Eq. (1), so that its trajectory is the geodesic
xD(t) = (t, 0, 0, 0). (7)
Note that for this detector trajectory, the gravitational
wave contribution to the Wightman function in Eq. (4)
vanishes because ∆x2 = ∆y2 = 0. It follows that the
transition probability in Eq. (6) is not affected by the
gravitational wave background. We thus conclude that a
single detector cannot detect the presence of a gravita-
tional wave.
The transition probability can be calculated for the
trajectory in Eq. (7), and coincides with the transition
probability for a detector in Minkowski space using an
equal-time quantization scheme
P =
λ2
4pi
[
e−σ
2Ω2 −√piσΩ (1− erf[σΩ])
]
,
see Appendix B for details. The fact that a detector clicks
with the same probability as in the Minkowski vacuum is
consistent with Gibbons’ observation that a gravitational
wave will not create particles from the vacuum during its
propagation [37].2
C. Detector entanglement as a proxy for vacuum
entanglement
To operationally probe vacuum entanglement across
spacetime regions, consider two detectors, A and B, each
interacting locally with the field φ for a finite amount of
time, after which the detectors become correlated [5–7].
If these detectors remain spacelike separated for the du-
ration of their interaction with the field, then any correla-
tions that arise between them must have been harvested
from the vacuum state of the field. Thus, their behaviour
serves as an operational proxy of vacuum correlations. If
it is not the case that the detectors remain spacelike sep-
arated, then again correlations may be transferred from
the vacuum state of the field to the detectors. However,
in this case even though the detectors do not interact
directly, they can still be coupled by a field-mediated
interaction, that may now have the time to propagate
between the detectors leading to detector correlations.
Consider the following trajectories of detectors A and
B specified in Minkowski coordinates
xA(t) = (t, 0, 0, 0),
xB(t) = (t,D, 0, 0). (8)
Note that since the detectors interact with the field for an
approximate amount of proper time σ, detectors moving
along these trajectories can be considered approximately
spacelike separated when D > σ; D corresponds to the
average proper distance between the detectors. Further-
more, suppose these detectors are initially (t → −∞)
prepared in their ground state, and the state of the
field is in an appropriately defined vacuum state |0〉, so
that the joint state of the detectors and field together is
|Ψi〉 = |0〉A |0〉B |0〉. Given that the interaction between
each detector and the field is described by the Hamilto-
nian in Eq. (5), the final (t → ∞) state of the detectors
and field is
|Ψf 〉 = T e−i
∫
R dt [HA(t)+HB(t)] |Ψi〉 ,
where HA and HB are given in Eq. (5) and T denotes
the time ordering operator. The reduced state of the
2 This conclusion was arrived at by evaluating the Bogolyubov
coefficients between the in and out Minkowski-like regions that
sandwich a gravitational wave spacetime and demonstrating the
absence of particle creation. This setup models a gravitational
wave traveling in Minkowski space. In backgrounds other than
Minkowski, gravitational wave perturbations may cause particle
production [48].
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FIG. 1. The concurrence C(ρAB)/λ2 is plotted as a measure of entanglement between the two detectors as a function of their
energy Ωσ and average proper separation D/σ for detectors situated in (a) Minkowski space and a gravitational wave spacetime
with (b) t0 = 0 and (c) with t0 = 1. The gravitational wave contribution degrades the concurrence relative to detectors in
Minkowski space for t0 = 0, as can be seen by comparing (a) and (b); however, for t 6= 0, as shown in (c), the concurrence can
either be amplified or degraded due to the presence of a gravitational wave.
detectors is obtained by tracing over the field
ρAB := trφ
( |Ψf 〉〈Ψf | )
=
1− 2P 0 0 X0 P C 00 C∗ P 0
X∗ 0 0 0
+O(λ4) , (9)
expressed in the basis {|0A0B〉 , |0A1B〉 , |1A0B〉 , |1A1B〉},
and the matrix elements X and C are given by inte-
grals over the Wightman function evaluated along the
detectors’ trajectories and are computed analytically in
Appendix B. These matrix elements are the sum of two
terms, X = XM +XGW and C = CM +CGW. The first
terms, XM and CM, correspond to the value X and C
would take if the detectors were situated in Minkowski
space and coincides with the result obtained using equal-
time quantization [28, 30],
XM := i
σλ2
4D
√
pi
e−σ
2Ω2−2iΩt0− D24σ2
[
erf
(
iD
2σ
)
− 1
]
, (10)
CM :=
σλ2
4D
√
pi
e−
D2
4σ2
×
(
Im
[
eiDΩ erf
(
i
D
2σ
+ σΩ
)]
− sin ΩD
)
.
The second terms, XGW and CGW, correspond to the
modification to the matrix elements X and C stemming
from the gravitational wave
XGW :=
Aσλ2
4D2pi3/2
f(ω,Ω, σ, t0) (I1 + I2) ,
CGW := − Aσλ
2
4D2pi3/2
e−
σ2ω2
4 cos (ωt0) (I3 + I4) ,
where the terms I1 and I2 are complicated functions of
ω, D, and σ and the terms I3 and I4 are complicated
functions of ω, D, σ, and Ω, which have been defined in
Appendix B, and
f(ω,Ω, σ, t0) := e
−σ24 (ω−2Ω)2−it0(ω+2Ω)
+ e−
σ2
4 (ω+2Ω)
2+it0(ω−2Ω). (12)
To quantify the entanglement harvested by the detec-
tors, which will serve as a proxy measure for vacuum en-
tanglement, we use the concurrence as an entanglement
measure [49]. For the two detector state in Eq. (9) the
concurrence is [28, 30]
C(ρAB) = 2 max[ 0, |X| − P ] +O
(
λ4
)
.
Being a simple difference of a local term P and non-local
term |X|, the concurrence C(ρAB) is convenient in inter-
preting the results to follow. The concurrence can be ex-
pressed as sum of the Minkowski space contribution ΘM
and the modification due to the gravitational wave ΘGW
C(ρAB) = 2 max[ 0,ΘM + ΘGW] +O
(
λ4
)
, (13)
where
ΘM := |XM| − P,
ΘGW :=
Re [XGWX
∗
M]
|XM| . (14)
Note that ΘGW has been expanded to first order in the
gravitational wave amplitude A, since this analysis is
within the linearized gravity regime.
Figure 1 compares the behaviour of the concurrence
of the final state of two detectors in Minkowski space
with an equivalent pair of detectors in the presence of a
gravitational wave as a function of the detectors’ energy
Ωσ and their separation D/σ; both t0 = 0 and t0 6= 0
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FIG. 2. The gravitational wave contribution ΘGW/Aλ
2 to
the concurrence is plotted as a function of the gravitational
wave frequency ωσ for both timelike (top) and spacelike (bot-
tom) seperated detectors for t0 = 0. We see that around the
resonance condition ω ≈ 2Ω the gravitational contribution is
negative, which implies a degradation of harvested entangle-
ment relative to detectors in Minkowski space.
are depicted.3 Since XM only depends on t0 through
an overall phase in Eq. (10) and ΘM depends on |XM|,
the Minkowski contribution to the harvested entangle-
ment is unaffected by t0. From Fig. 1, it is seen that in
all instances the concurrence (and thus vacuum entangle-
ment) falls off as the distance D/σ between the detectors
grows; this could have been anticipated by noting that
3 Notice that we choose to survey detector energies Ωσ ∈ (−2, 2).
This upper bound is to ensure the validity of the Taylor expan-
sion A to first-order in Eq. (13). To be more precise, in the
numerator of Eq. (14), XM approaches zero as Ωσ is getting
larger, which causes the second order in A contribution (which
would only depend on XGW) to dominate ΘGW.
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FIG. 3. The gravitational wave contribution ΘGW/Aλ
2 to the
concurrence is plotted as a function of the gravitational wave
frequency ωσ for both timelike (top) and spacelike (bottom)
separated detectors for t0/σ = 1. We see that around the
resonance condition ω ≈ 2Ω the gravitational contribution
oscillates around zero, which implies that the gravitational
wave can either amplify or degrade the harvested entangle-
ment relative to detectors in Minkowski space.
both XM and XGW are proportional to e−D
2/4σ2 . More
interestingly, Fig. 1b illustrates that for t0 = 0 a gravi-
tational wave degrades the concurrence when compared
to an equivalent pair of detectors in Minkowski space
(Fig. 1a). However, when t0 6= 0, a gravitational wave
can both amplify or degrade the concurrence depending
on the detector separation and gravitational wave fre-
quency, as can be seen in Fig. 1c.
A more detailed study of the gravitational wave con-
tribution to the concurrence is shown in Figs. 2 and 3 in
which ΘGW/Aλ
2 is plotted as a function of the gravita-
tional wave frequency ωσ for different detector energies
Ωσ for both spacelike and timelike separated detectors.
From Fig. 2, we see that for both spacelike and timelike
6separated detectors ΘGW is a negative quantity, support-
ing the conclusion that gravitational waves degrade field
entanglement for t0 = 0, as described in the previous
paragraph. Moreover, Fig. 2 reveals a strong resonance
effect when the frequency of the gravitational wave is
approximately equal to the energy gap of the detector,
ω ≈ 2Ω, around which the harvested entanglement is
maximally degraded. This resonance is due to the depen-
dence of ΘGW on the Gaussian profile centered at ω = 2Ω
that appears in Eq. (12). Away from this resonance,
ΘGW approaches zero asymptotically, which implies that
the gravitational wave does not influence the harvested
entanglement significantly when |ω − Ω|  1/σ. Note
that if the atom had begun in its excited state, Ω→ −Ω,
then ΘGW would be identical, which implies that for
t0 = 0 the harvested entanglement would be degraded
by the same amount.
In contrast, Fig. 3 depicts ΘGW when t0 6= 0, revealing
oscillatory behaviour of the concurrence as a function of
ω around the resonance condition ω ≈ 2Ω. The frequency
of these oscillations is t0, which can be seen by expanding
the numerator in Eq. (14) and noting that it is a sum of
terms that oscillate with this frequency. It is thus seen
that ΘGW can be positive or negative, indicating that a
gravitational wave can either amplify or degrade the har-
vested entanglement depending on ωσ and t0/σ. Again,
when ω moves away from ω ≈ 2Ω, ΘGW approaches zero
asymptotically.
The effect a gravitational wave has on the total cor-
relations harvested by a pair of detectors is discussed in
Appendix C, revealing that harvested correlations are af-
fected in a similar fashion as harvested entanglement.
IV. CONCLUSION AND OUTLOOK
We examined the effect that a gravitational wave has
on Unruh-DeWitt detectors. To do so, the Wightman
function for a massless scalar field living in a gravitational
wave background was derived and used to compute the
final states of one and two detectors locally coupled to
the field for a finite period of time.
It was shown that the transition probability of an in-
ertial detector is unaffected by a gravitational wave, in
agreement with Gibbon’s observation that a gravitational
wave does not excite particles from the vacuum [37]. In
contrast, the entanglement structure of the vacuum was
shown to be modified by the presence of a gravitational
wave as witnessed by the entanglement harvesting proto-
col. When the detectors are tuned to the frequency of the
gravitational wave, it was shown that depending on when
the detectors interact with the field relative to where the
gravitational wave is in its cycle, the harvested entangle-
ment can be either amplified or degraded relative to an
equivalent pair of detectors in Minkowski space.
The relative size of the gravitational wave contribution
to the entanglement harvested, |ΘGW/ΘM|, is propor-
tional to the amplitude of the gravitational wave. Since
our analysis was carried out in the linearized gravity
regime, it would be interesting to extend the analysis to
the strong gravity regime where similar resonance effects
would presumably exist, which may generate a more eas-
ily detectable gravitational wave signal. Moreover, dif-
ferent detector configurations could potentially yield fur-
ther amplification of harvested entanglement. Further-
more, in the strong gravity regime it would be interest-
ing to examine the consequences of gravitational-wave
memory effect [50, 51] on vacuum entanglement, reveal-
ing potential differences in the way in which classical and
quantum systems are affected. One might also imagine
extending this analysis to investigate gravitational-wave
induced decoherence; since one cannot shield from grav-
ity, such a decoherence mechanism might be expected to
affect all systems.
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Appendix A: Derivation of gravitational wave spacetime Wightman function
Consider a massless scalar field φ(x) = φ(u, v, x, y) in a gravitational wave background satisfying the Klein-Gordon
equation φ(x) = 0 in Eq. (2). The Klein-Gordon equation is separable in the coordinates (u, v, x, y) and an arbitrary
solution can be expanded in the complete set of mode functions
u~k(u, v, x, y) =
γ−1(u)√
2k−(2pi)3/2
exp
[
ikxx+ ikyy − ik−v − i
4k−
∫ u
0
du gabkakb
]
.
where γ(u) := (1−A2 cosωu)1/4 and the integral evaluates to
∫ u
0
du gabkakb =
∫ u
0
du
[
k2x(1−A cosωu) + k2y(1 +A cosωu)
]
=
(
k2x + k
2
y
)
u− (k2x − k2y) Aω sinωu.
8These mode functions are normalized and orthogonal to one another with respect to the usual Klein-Gordon inner
product [38, 39]. The Wightman function W (x, x′) := 〈0|φ(x)φ(x′)|0〉 can be expressed in terms of these mode as
W (x, x′) =
∫
d~k u~k(u, v, x, y), u
∗
~k′
(u′, v′, x′, y′)
=
∫
d~k
γ−1(u)γ−1(u′)
(2pi)32k−
e
ikx∆x+iky∆y−ik−∆v− i4k− (k
2
x+k
2
y)∆u+ i4k− (k
2
x−k2y)Aω (sinωu−sinωu′)
=
∫
d~k
γ−1(u)γ−1(u′)
(2pi)32k−
e
ikx∆x+iky∆y−ik−∆v− ik
2
x
4k−
[
∆u− 2Aω sin(ω∆u2 ) cos
(
ω u+u
′
2
)]
− ik
2
y
4k−
[
∆u+ 2Aω sin(
∆u
2 ) cos
(
u+u′
2
)]
.
Expanding to leading order in A yields
W (x, x′) =
∫
dk
(2pi)32k−
e
ikx∆x+iky∆y−ik−∆v− i4k− (k
2
x+k
2
y)∆u
[
1 +
iA
2ω
k2x − k2y
k−
sin
(
ω
2 ∆u
)
cos
(
ω
2 [u+ u
′]
)]
.
The first term yields the Minkowski space Wightman function
WM(x, x′) =
1
4pii∆u
δ
(
σM(x, x′)
∆u
)
+ PV
1
4pi2σM(x, x′)
,
and the second term evaluates to
WGW(x, x
′) =
iA
(2pi)34ω
sin
(
ω
2 ∆u
)
cos
(
ω
2 [u+ u
′]
) ∫
dkxdkydk− e
ikx∆x+iky∆y−ik−∆v− i4k− (k
2
x+k
2
y)∆u k
2
x − k2y
k2−
=
A
2ωpi2
∆x2 −∆y2
∆u3
sin
ω∆u
2
cos
ω(u+ u′)
2
∫
dk−k−e
ik−
(
−∆v+ ∆x2∆u + ∆y
2
∆u
)
.
To evaluate the last integral, consider a function f = f(x) and the following integral∫ ∞
0
dxxeifx = −i d
df
∫ ∞
0
dx eifx = −i d
df
[
piδ(f) + PV
i
f
]
= −
[
iδ′(f) + PV
1
f2
]
.
Then, the gravitational wave Wightman function becomes
WGW(x, x
′) = − A
4pi2
sin
(
ω
2 ∆u
)
ω
2 ∆u
cos
(
ω
2 [u+ u
′]
) ∆x2 −∆y2
∆u2
[
ipiδ′
(
σM(x, x′)
∆u
)
+ PV
∆u2
σ2M(x, x′)
]
.
Appendix B: Computing P , X and C
Derivation of P
Recall from Eq. (6) that the probability P for a detector to transition from its ground state to its excited state to
leading order in the interaction strength is
P = λ2
∫
dtdt′ χ(t)χ(t′)e−iΩ(t−t
′)W (xD(t), xD(t
′)) ,
Substituting in the explicit form of the switching functions, it follows that
P = λ2
∫
dt
∫
dt′e−
(t−t0)2+(t′−t0)2
2σ2 e−iΩ(t−t
′)W (x(t), x(t′)).
Consider the trajectory of a single detector in Eq. (7); since ∆x = ∆y = 0, we immediately see that the gravitational
wave contribution to the Wightman function in Eq. (4) vanishes. Thus, the transition probability of a single detector
is unaffected by the presence of a gravitational wave. To evaluate the transition probability, consider the change of
9variable a := ∆t = t− t′ and b := t+ t′, yielding
P =
1
2
λ2
∫
da
∫
db e−
a2+(b−2t0)2
4σ2 e−iΩa
[
1
4piia
δ (−a) + PV 1
4pi2(−a2)
]
= λ2σ
√
pi
∫
da e
−a2
4σ2 e−iΩa
[
1
4piia
δ (a) + PV
1
4pi2(−a2)
]
= λ2σ
√
pi
[−Ω
4pi
+
1
4pi
√
piσ
e−σ
2Ω2 +
Ω erf(σΩ)
4pi
]
=
λ2
4pi
[
e−σ
2Ω2 −√piσΩ erfc(σΩ)
]
.
The second last equality follows from the distribution identities: δ(x)x = −δ′(x) and
PV
∫ ∞
∞
dx
f(x)
x2
=
∫ ∞
0
dx
f(x) + f(−x)− 2f(0)
x2
,
where it is assumed f(x) reaches 0 as x→ ±∞.
Derivation of XM
The matrix element is given by
XM = −λ2
∫ ∞
−∞
dt
∫ t
−∞
dt′ e−
(t−t0)2+(t−t0)2
2σ2 e−iΩ(t+t
′) [WM(xA(t′), xB(t)) +WM(xB(t′), xA(t))] .
The Wightman function for Minkowski space for our trajectories becomes
WM(xA(t′), xB(t)) = − 1
4pii∆t
δ
(
∆t− D
2
∆t
)
+ PV
1
4pi2(−∆t2 +D2) .
By changing variables to a = ∆t, b = t+ t′, we find the matrix element X in Minkowski space
XM = −2λ2
∫ ∞
−∞
dt
∫ t
−∞
dt′ e−
(t−t0)2+(t′−t0)2
2σ2 e−iΩ(t+t
′)
[
− 1
4pii∆t
δ
(
∆t− D
2
∆t
)
+ PV
1
4pi2(−∆t2 +D2)
]
= −λ2e−2iΩt0
∫ ∞
−∞
dbe−
(b−2t0)2
4σ2
−iΩb
∫ ∞
0
da e−
a2
4σ2
[
1
4piia
δ
(
a− D
2
a
)
+ PV
1
4pi2(a2 −D2)
]
= 2σ
√
piλ2e−Ω
2σ2−2iΩt0
∫ ∞
0
da e−
a2
4σ2
[
1
4piia
δ
(
a− D
2
a
)
+ PV
1
4pi2(a2 −D2)
]
= i
λ2σ
4D
√
pi
e−σ
2Ω2−2iΩt0− D24σ2
[
erf
(
i
D
2σ
)
− 1
]
.
where the principal value integration was evaluated using methods similar to those in [30].
Derivation of XGW
The matrix element X is given by [7, 12, 28, 30]
XGW = −λ2
∫ ∞
−∞
dt
∫ t
−∞
dt′ e−
t2+t′2
2σ2 e−iΩ(t+t
′) [WGW(xA(t
′), xB(t)) +WGW(xB(t′), xA(t))] .
From Eq. (8), it is seen that σM(xA(t′), xB(t)) = σM(xB(t′), xA(t)) = −∆t2 +D2. It follows
WGW(xA(t
′), xB(t)) = WGW(xB(t′), xA(t))
= − A
4pi2
sin
(
ω
2 ∆t
)
ω
2 ∆t
cos
(
ω
2 [t+ t
′]
) D2
∆t2
[
ipiδ′
(
∆t− D
2
∆t
)
+ PV
(
∆t
D2 −∆t2
)2]
. (B1)
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which we note is invariant under t↔ t′. It follows that X may be expressed as
XGW = A
λ2D2
2pi2
∫ ∞
−∞
dt
∫ t
−∞
dt′ e−iΩ(t
′+t)e−
(t′+t−2t0)2
4σ2 cos
(
ω
2 [t+ t
′]
)
× e
−∆t2
4σ2
∆t2
sin
(
ω
2 ∆t
)
ω
2 ∆t
[
ipiδ′
(
∆t− D
2
∆t
)
+ PV
(
∆t
D2 −∆t2
)2]
.
Changing integration variables to a := ∆t and b := t′ + t, yields
XGW =
Aλ2D2
4pi2
∫ ∞
−∞
db e−iΩbe−
(b−2t0)2
4σ2 cos
(
ω
2 b
) ∫ ∞
0
da
e−
a2
4σ2
a2
sin
(
ω
2 a
)
ω
2 a
[
ipiδ′
(
a− D
2
a
)
+ PV
(
a
D2 − a2
)2]
=
Aλ2D2
2pi2
√
piσe
−
(
σ2ω2
4 +σ
2Ω2
)
e−2it0Ω cosh
(
ωΩσ2 − it0ω
)
×
∫ ∞
0
da
e−
a2
4σ2
a2
sin
(
ω
2 a
)
ω
2 a
[
ipiδ′
(
a− D
2
a
)
+ PV
(
a
D2 − a2
)2]
=
Aλ2
2D2pi2
√
piσe
−
(
σ2ω2
4 +σ
2Ω2+2it0Ω
)
cosh
(
ωΩσ2 − it0ω
)
(I1 + I2) , (B2)
where the last equality defines the I1 and I2 that remain to be evaluated. To evaluate the first integral in Eq. (B2),
note that
d
da
δ
(
a− D
2
a
)
= δ′
(
a− D
2
a
)(
D2
a2
+ 1
)
=⇒ δ′
(
a− D
2
a
)
=
[
d
da
δ
(
a− D
2
a
)](
D2
a2
+ 1
)−1
.
Then,
I1 := iD
4pi
∫ ∞
0
da
e−
a2
4σ2
a2
sin
(
ω
2 a
)
ω
2 a
δ′
(
a− D
2
a
)
= iD4pi
∫ ∞
0
da
[
d
da
δ
(
a− D
2
a
)](
D2
a2
+ 1
)−1
e−
a2
4σ2
a2
sin
(
ω
2 a
)
ω
2 a
= −iD4pi
∫ ∞
0
da δ
(
D2
a
− a
)
d
da
(D2
a2
+ 1
)−1
e−
a2
4σ2
a2
sin
(
ω
2 a
)
ω
2 a

= −iD4pi
∫ ∞
0
da
δ (D − a)
2
d
da
(D2
a2
+ 1
)−1
e−
a2
4σ2
a2
sin
(
ω
2 a
)
ω
2 a

= i
pie−
D2
4σ2
ω
[(
D2
4σ2
+ 1
)
sin
(
ω
2D
)− Dω
4
cos
(
ω
2D
)]
.
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Next, evaluating the second integral in Eq. B2 yields
I2 := D
4 PV
∫ ∞
0
da e−
a2
4σ2
sin
(
ω
2 a
)
ω
2 a
(
D2 − a2)−2
= D4 PV
∫ ∞
−∞
da e−
a2
4σ2
sin
(
ω
2 a
)
ωa
(
D2 − a2)−2
=
D4
ω
PV
∫ ∞
−∞
da e−
a2
4σ2 sin
(
ω
2 a
) ∫ ∞
−∞
da¯ δ(a¯− a) 1
a¯(a¯2 −D2)2
=
D4
ω
PV
∫ ∞
−∞
da e−
a2
4σ2 sin
(
ω
2 a
) ∫ ∞
−∞
da¯
(
1
2pi
∫ ∞
−∞
ds ei(a¯−a)s
)
1
a¯(a¯2 −D2)2
=
D4
2piω
PV
∫ ∞
−∞
ds
[∫ ∞
−∞
da e−iase−
a2
4σ2 sin
(
ω
2 a
)] [∫ ∞
−∞
da¯ eia¯s
1
a¯(a¯2 −D2)2
]
=
1
ω
∫ ∞
−∞
ds
[
−2√piiσe−σ2
(
s2+ω
2
4
)
sinh (σ2ωs)
] [
i sgn (s)
4
(2− 2 cos[Ds]−Ds sin[Ds])
]
=
√
piσ
2ω
e−(
σω
2 )
2
∫ ∞
−∞
ds sgn (s) e−σ
2s2 sinh
(
σ2ωs
)
[2− 2 cos (Ds)−Ds sin (Ds)]
=
pi
ω
(
erf
(σω
2
)
− e− D
2
4σ2 Re
[
ei
ω
2D
(
1 +
D2
4σ2
− iDω
4
)
erf
(
ω
2
σ +
iD
2σ
)])
.
Derivation of CM
The expression for CM is the following
CM = λ2
∫ ∞
−∞
dt
∫ ∞
−∞
dt′ e−
(t−t0)2+(t′−t0)2
2σ2 eiΩ(t−t
′)WM(xA(t′), xB(t)).
By plugging in the Wightman function in Minkowski space for the trajectories of the detectors and then changing
variables to a = ∆t, b = t+ t′, we obtain
CM =
λ2
2
∫ ∞
−∞
dbe−
(b−2t0)2
4σ2
∫ ∞
−∞
dae−
a2
4σ2
+iΩa
[
− 1
4piia
δ
(
a− D
2
a
)
+ PV
1
4pi2(−a2 +D2)
]
= −σ√piλ2
∫ ∞
−∞
dae−
a2
4σ2
+iΩa
[
1
4piia
δ
(
a− D
2
a
)
+ PV
1
4pi2(a2 −D2)
]
= σ
√
piλ2e−
D2
4σ2
[
sin(ΩD)
4Dpi
+
1
4Dpi
Re
(
ieiDΩ erf
[
i
D
2σ
+ σΩ
])]
=
σλ2
4D
√
pi
e−
D2
4σ2
(
Im
[
eiDΩ erf
(
i
D
2σ
+ σΩ
)]
− sin ΩD
)
,
where the principal value integration was evaluated using methods similar to those in [30].
Derivation of CGW
The expression for CGW is given by [7, 12, 28, 30]
CGW = λ
2
∫ ∞
−∞
dt
∫ ∞
−∞
dt′ e−
(t−t0)2+(t′−t0)2
2σ2 eiΩ(t−t
′)WGW(xA(t
′), xB(t)). (B3)
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Using Eq. (B1) and changing integration variables to a := ∆t and b := t+ t′, Eq. (B3) becomes
CGW = −λ
2AD2
4pi2
∫ ∞
−∞
dt
∫ ∞
−∞
dt′ e−
(t+t′−2t0)2
4σ2 cos
(
ω
2 [t+ t
′]
)
× eiΩ∆t e
−∆t2
4σ2
∆t2
sin
(
ω
2 ∆t
)
ω
2 ∆t
[
ipiδ′
(
∆t− D
2
∆t
)
+ PV
(
∆t
D2 −∆t2
)2]
= −λ
2AD2
8pi2
∫ ∞
−∞
db e−
(b−2t0)2
4σ2 cos
(
ω
2 b
) ∫ ∞
−∞
da eiΩa
e−
a2
4σ2
a2
sin
(
ω
2 a
)
ω
2 a
[
ipiδ′
(
a− D
2
a
)
+ PV
(
a
D2 − a2
)2]
= −λ
2AD2
8pi2
[
2
√
piσe−(
ω
2 σ)
2
cos (ωt0)
] ∫ ∞
−∞
da eiΩa
e−
a2
4σ2
a2
sin
(
ω
2 a
)
ω
2 a
[
ipiδ′
(
a− D
2
a
)
+ PV
(
a
D2 − a2
)2]
= − λ
2Aσ
4D2pi3/2
e−(
ω
2 σ)
2
cos (ωt0) (I3 + I4) ,
where
I3 := iD
4pi
∫ ∞
−∞
da eiΩa
e−
a2
4σ2
a2
sin
(
ω
2 a
)
ω
2 a
δ′
(
a− D
2
a
)
= iD4pi
∫ ∞
−∞
da eiΩa
e−
a2
4σ2
a2
sin
(
ω
2 a
)
ω
2 a
[
d
da
δ
(
a− D
2
a
)](
D2
a2
+ 1
)−1
= −iD4pi
∫ ∞
−∞
da δ
(
a− D
2
a
)
d
da
eiΩa e− a24σ2
a2
sin
(
ω
2 a
)
ω
2 a
(
D2
a2
+ 1
)−1
= −iD4pi
∫ ∞
−∞
da
δ (D + a) + δ (D − a)
2
d
da
eiΩa e− a24σ2
a2
sin
(
ω
2 a
)
ω
2 a
(
D2
a2
+ 1
)−1
=
pie−
D2
4σ2
2ω
[
Dω sin (ΩD) cos
(
ω
2D
)
+ 2DΩ cos (ΩD) sin
(
ω
2D
)− (D2
σ2
+ 4
)
sin (ΩD) sin
(
ω
2D
)]
=
pie−
D2
4σ2
4ω
[
(Dω + 2DΩ) sin
(
D
[ω
2
+ Ω
])
+ (Dω − 2DΩ) sin
(
D
[ω
2
− Ω
])
+
(
D2
σ2
+ 4
)(
cos
(
D
[ω
2
+ Ω
])
− cos
(
D
[ω
2
− Ω
]))]
and
I4 := D
4 PV
∫ ∞
−∞
da eiΩa
sin
(
ω
2 a
)
ω
2 a
e−
a2
4σ2
(a2 −D2)2
=
2D4
ω
PV
∫ ∞
−∞
da eiΩa sin
(
ω
2 a
)
e−
a2
4σ2
∫ ∞
−∞
da¯ δ(a¯− a) 1
a¯ (a¯2 −D2)2
=
2D4
ω
PV
∫ ∞
−∞
da eiΩa sin
(
ω
2 a
)
e−
a2
4σ2
∫ ∞
−∞
da¯
(
1
2pi
∫ ∞
−∞
ds ei(a¯−a)s
)
1
a¯ (a¯2 −D2)2
=
D4
piω
PV
∫ ∞
−∞
ds
∫ ∞
−∞
da ei(Ω−s)a sin
(
ω
2 a
)
e−
a2
4σ2
∫ ∞
−∞
da¯
eia¯s
a¯ (a¯2 −D2)2
=
√
piσ
ω
e−
σ2ω2
4
∫ ∞
−∞
ds
[
e−σ
2(Ω−s)2 sinh
(
σ2ω(Ω− s))] [sgn (s) (Ds sin (Ds) + 2 cos (Ds)− 2)]
=
pi
ω
(
erf
[
σ
(ω
2
− Ω
)]
+ erf
[
σ
(ω
2
+ Ω
)]
− e− D
2
4σ2 Re [Q+R+ +Q−R−]
)
, (B4)
where we have defined Q± := −ieiD(ω2±Ω) erf
[
i D2σ + σ
(
ω
2 ± Ω
)]
and R± := D2
(
ω
2 ± Ω
)
+ i
(
1 + D
2
4σ2
)
.
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FIG. 4. The correlation function corr(ρAB)/λ
2 is plotted as a function of the detectors’ energy Ωσ and the detectors’ average
proper separation D/σ for detectors in (a) Minkowski space and detectors in a gravitational wave spacetime for (b) t = 0
and (c) t 6= 0. Analogous to the concurrence, we see that correlations between two detectors can be degraded or amplified
depending on the value of t0
Appendix C: The effect of gravitational waves on vacuum correlations
In Sec. III C, the dependence of the concurrence on the properties of gravitational waves and detectors was investi-
gated, which quantifies the harvested entanglement in the final state of the detectors and is interpreted as a proxy for
field entanglement. However, these detectors also harvest classical correlations from the vacuum. Thus, to quantify
the total correlations harvested by a pair of detectors, interpreted analogously as a proxy for correlations between the
region in which detectors interact, the correlations between local energy measurements (i.e., measurements of σz) can
be computed. Such correlations are quantified by the correlation function [28, 30]
corr ρAB :=
|X|2 + |C|2
P
+O(λ4) = ΨM + ΨGW +O(λ4),
where in the second equality the correlation function has been expressed as a sum of the Minkowski space and
gravitational wave contributions to the correlation function, defined respectively as
ΨM :=
|XM|2 + |CM|2
P
,
ΨGW := 2
Re[XGWX
∗
M] + Re[CGWC
∗
M]
P
.
To examine the effect a gravitational wave has on the correlations harvested by the detectors, Fig. 4 compares
correlations between detectors in Minkowski space with detectors in a gravitational wave spacetime, revealing similar
behaviour as the concurrence depicted in Fig. 1. The gravitational wave contribution to the correlation function ΨGW
is plotted in Figs. 5 and 6 for t0 = 0 and t0 6= 0, respectively. Similar to the concurrence, the correlation function
exhibits a resonance around ω ≈ 2Ω and oscillatory behaviour for nonzero t0.
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FIG. 5. The gravitational wave contribution ΨGW/Aλ
2 to the correlation function is plotted as a function of the gravitational
wave frequency ωσ for both timelike (left) and spacelike (right) separated detectors for t0/σ = 0 for different values of the
detectors energy Ωσ. Similar to ΘGW, ΨGW is always negative, which implies that detector correlations are always degraded
for t0 = 0.
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FIG. 6. The gravitational wave contribution ΨGW/Aλ
2 to the correlation function is plotted as a function of the gravitational
wave frequency ωσ for both timelike (left) and spacelike (right) separated detectors for t0/σ = 1 for different values of the
detectors energy Ωσ. Similar to ΘGW, ΨGW can be both positive and negative implying that a gravitational wave can amplify
and degrade detector correlations.
